Significant advances in understanding the host defense against Mycobacterium tuberculosis have been made during the past decade. Mechanisms of innate and adaptive immunity that influence the initial course of infection and mediate control of disease have been identified (see references 16 and 49 for reviews). Both types of immunity involve alpha/beta interferons (IFN-␣/␤) (2, 4, 14, 18, 30, 47) . The IFN-␣/␤ system helps host defense against M. tuberculosis in mice (7), and M. tuberculosis infection induces production of IFN-␣/␤ by human macrophages and dendritic cells (18, 60) . Moreover, aerosolized IFN-␣ combined with conventional chemotherapy for tuberculosis improves patient outcome (19). However, few details are known about the interaction between the IFN-␣/␤ system and infection by M. tuberculosis.
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IFN-␣/␤ influences cellular function largely by regulating gene expression as the culmination of a signal transduction cascade (3, 9, 12) . High-affinity binding of IFN to the IFN-␣/␤ cell surface receptor, mediated by dimerization of IFNAR1 and IFNAR2 subunits, is followed by tyrosine phosphorylation of associated protein tyrosine kinases, Janus kinase 1 (JAK1) and TYK2, another kinase in the JAK family. This activates the kinases, which in turn activate the latent cytoplasmic transcription factors signal transducer and activator of transcription-1 (STAT-1) and STAT-2 by catalyzing tyrosine phosphorylation of each at a single site. Phosphorylated STAT-1 can form a homodimer, and the homodimer can act alone or together with IFN regulatory factor 9 (IRF-9). Activated STAT-1 and activated STAT-2 can form a heterodimer, which associates with IRF-9 to form IFN-stimulated gene factor-3 (ISGF-3). After translocation to the nucleus, these transcription factors bind to different DNA sequences. STAT-1 homodimers bind the IFN-␥ activation site (GAS), while ISGF-3 and the (STAT-1) 2 /IRF-9 complex bind the IFN-␣/␤-stimulated response element (ISRE). Many genes have one regulatory element or the other, although some have both. Thus, changes in STAT-1 homodimers and/or ISGF-3 can have distinct effects on gene expression.
To understand the effect of M. tuberculosis on the IFN-␣/␤ system, it is important to examine both monocytes and macrophages, since both are exposed to infection by M. tuberculosis in vivo (50, 51) . Moreover, differentiation affects the IFN-␣/␤ system in ways that impinge on the cellular response to infection by M. tuberculosis and alter the interaction of human immunodeficiency virus and M. tuberculosis (60) . Infection of the two cell types can be modeled in vitro by using primary cells and/or the THP-1 cell line, which has long been used to study phorbol ester-induced monocyte-to-macrophage differentiation (56) . For convenience, and to distinguish them from primary cells, we refer to undifferentiated (untreated) and differentiated (phorbol ester-treated) THP-1 cells as THP-1 monocytes and THP-1 macrophages. THP-1 cells are also commonly used for studies of host response to infection by M. tuberculosis (for example, see references 6, 25, and 54).
We previously showed that ISGF-3, but not STAT-1 homodimers, can be detected in THP-1 macrophages and primary alveolar macrophages 1 day after infection by M. tuberculosis (60) . In the present study, we examined the effect of infection by M. tuberculosis on the response to IFN-␣/␤. We found that IFN-␣-stimulated signal transduction, and gene expression mediated by STAT-1 was inhibited. Mycobacterium bovis BCG did not inhibit the response to IFN-␣, which suggests that the effect of M. tuberculosis is related to pathogenicity. IFN-␣/␤ impinges on both innate immunity and the transition to Th1-cell-mediated immunity, and the role of IFN-␣/␤ in both is thus likely to be affected by M. tuberculosis.
MATERIALS AND METHODS
Bacterial strains, cells, and cytokines. All manipulations with viable M. tuberculosis cells were performed under biosafety level 3 containment. M. tuberculosis strains TN913, a clinical isolate, and H37Rv and M. bovis BCG (Pasteur) were obtained from the Public Health Research Institute Tuberculosis Center and were grown as previously described (63) . H37Rv (ATCC 27294) was used for infection of peripheral blood monocytes (PBM) and PBM-derived macrophages as previously described (18) .
THP-1 cells (57) obtained from the American Type Culture Collection were grown and infected as previously described (60) and harvested 3 days later. Infection was performed at a multiplicity of infection (MOI) of 1, unless otherwise stated. The MOI was confirmed by determining the CFU of each inoculum. By acid-fast staining of a small portion of infected cells at the time of harvest and by determining intracellular CFU from the extracts, similar uptake and growth of M. tuberculosis and M. bovis BCG in all experiments were confirmed. Infected cultures of THP-1 monocytes and macrophages were, respectively, 70 to 90% and 50 to 80% viable at the time of harvest. Uninfected cells were cultured and harvested in parallel, at which time they were 97 to 100% viable. Viability was determined by exclusion of trypan blue. Recovery of protein in cell extracts and recovery of radiolabeled RNA from the nuclear run-on assay are proportional to viability. Thus, use of equal amounts of protein for electrophoretic mobility shift assays (EMSAs) and immunoblotting and equal amounts of radiolabeled RNA for hybridization (see below) controls for differences in viability.
Primary cells were used in accordance with all applicable laws and regulations. Alveolar macrophages were obtained from a healthy volunteer and were cultured and infected with M. tuberculosis TN913 as previously described (60) and harvested 3 days later. Uninfected cells were cultured in parallel. PBM were obtained from a healthy volunteer as previously described (18) . Infection with a single-cell suspension of M. tuberculosis H37Rv at an MOI of approximately 1 was begun immediately or after 4 days of adherence-induced differentiation and continued for 3 days. Alternatively, PBM were recovered from peripheral blood mononuclear cells by allowing them to adhere to culture flasks and then washing with phosphate-buffered saline (PBS) the next day to remove nonadherent cells. Cells were then infected or were cultured for 5 days with 30 ng of granulocytemacrophage colony-stimulating factor (Biosource) per ml to obtain PBM-derived macrophages prior to infection. Cells were harvested 3 days after infection by M. tuberculosis H37Rv or M. bovis BCG. Uninfected cells obtained by either of these methods were cultured in parallel.
IFN-␣ was provided by Hoffman-LaRoche. As indicated, cells were stimulated with 500 U/ml for the final 30 min prior to harvest.
Extract preparation and EMSA. All steps were performed at 0 to 4°C. THP-1 macrophages, PBM, and PBM-derived macrophages were scraped into their culture media. Cells that had been adherent or in suspension, including undifferentiated, uninfected THP-1 cells, were then collected by centrifugation and suspended in PBS. The centrifugation and suspension were repeated once more. Culture media containing nonadherent cells was removed from uninfected and infected cultures of cells from bronchoalveolar lavage fluid, and the adherent cells were washed gently with PBS. The remaining alveolar macrophages were 90 to 95% pure based on microscopic examination of morphology. The alveolar macrophages were then scraped into additional PBS. Extracts were prepared as described elsewhere (37) . Briefly, washed cells were collected by centrifugation and lysed with nonionic detergent. Nuclei were recovered by centrifugation, and postnuclear supernatants were taken and adjusted to 0.3 M NaCl to produce the cytoplasmic extracts. The nuclei were extracted and then were removed by centrifugation at 13,000 ϫ g for 10 min. The supernatants were recovered as the nuclear extracts. Extracts prepared from infected cells were sterilely filtered before removal from the biosafety level 3 laboratory. Extracts were frozen rapidly on crushed dry ice and stored at Ϫ80°C.
EMSA was performed with approximately 10 g of extract protein (2 to 3 l of extract), as previously described (60) . The ISRE, GAS, and nonspecific oligonucleotides, as well as antisera used to identify proteins contained in protein-DNA complexes, have been described previously (37-39, 48, 58) . The identity of all specific protein-DNA complexes has been confirmed by competition with excess specific oligonucleotides and lack of competition with excess unlabeled nonspecific oligonucleotides, as well as by reaction with specific antisera against STAT-1, STAT-2, and IRF-9, and lack of reaction with nonspecific antisera (reference 10 and data not shown). STAT-1 reacted only with antiserum against STAT-1. ISGF-3 reacted with antisera against STAT-1, STAT-2, and IRF-9, but not with nonspecific antiserum or antiserum against IRF-1. The nonspecific complex is defined as such by its failure to compete with any excess unlabeled oligonucleotides. The amount of this complex is proportional to total protein in the extracts from many types of cells, independent of any cytokine treatment or infection we have tested. Radioactivity in protein-DNA complexes was visualized and quantified with a PhosphorImager and ImageQuant software (Molecular Dynamics). The local average background correction was applied to each specific and nonspecific complex. Values for each specific complex were then normalized to the indicated nonspecific protein-DNA complex from the same extract, which served as an internal standard for preparation of extracts and performance of the assay. Student's t test was used to determine the statistical significance of differences in STAT-1 or ISGF-3 DNA-binding activity between pairs of conditions. Statistically significant differences between weak signals indicate reproducibility that is unlikely to arise coincidentally due to fluctuation of the signal-to-noise ratio, although statistically insignificant differences may reflect the limits of quantification of such signals.
Immunoblot analysis. Protein concentrations in the samples were determined using the Bio-Rad Bradford reagent. Equal amounts of nuclear extracts (30 g) or cytoplasmic extracts (50 g [for IRF-9]) were resolved on sodium dodecyl sulfate (SDS)-8% polyacrylamide gel electrophoresis gels and electroblotted to nitrocellulose membranes (Bio-Rad). Coomassie blue staining of residual protein in the SDS-polyacrylamide gel was performed to confirm that equal amounts of protein were analyzed for each sample on a gel (data not shown). The membranes were blocked in PBS containing 2.5% nonfat milk and 0.2% Tween 20. Primary antibodies were diluted in the same solution. Rabbit antibodies against STAT-1 and STAT-2 (48), or IRF-9 (58), have been previously described. Mouse antibodies against pY-STAT-1 and pY-STAT-2 have been described elsewhere (34, 35) . Membranes were washed with PBS and then incubated with horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse immunoglobulin G (Calbiochem) diluted in PBS. Membranes were washed with PBS and then incubated with LumiGLO chemiluminescent substrate (Kirkegaard & Perry Laboratories). Luminescence was detected with X-ray film (Midwest Scientific). The blots were stripped in buffer containing Tris (62.5 mM; pH 6.8), 2% SDS, and 100 mM ␤-mercaptoethanol for 1 h at 65°C and reused as above. For each independent experiment, STAT-1, pY-STAT-1, STAT-2, and pY-STAT-2 were all analyzed on one membrane and IRF-9 was analyzed on another.
Run-on transcription rate assays. Cells were lysed, and nuclei were recovered as described above for preparation of extracts. Isolated nuclei were incubated for 10 min at 37°C with [␣-32 P]UTP to radiolabel nascent RNA. RNA was purified using TriReagent as recommended by the vendor (Molecular Research Center). Hybridization of a constant amount of radiolabeled RNA to excess plasmid probes fixed on nitrocellulose was performed as previously described (39) . Images were obtained, and data were quantified with a PhosphorImager.
The probes were as follows. An ISG15 genomic fragment cloned in pGem1 has been previously described (40) . An IP-10 cDNA (26) was subcloned into pGem1. Reverse transcription-PCR (RT-PCR) performed by standard methods (46) was used to obtain a 1.1-kb Fc␥R1 cDNA fragment from THP-1 macrophage RNA. RT was performed with oligo(dT) as a primer. PCR was performed with 5Ј AACATGTGGTTCTAGACAACTCTG 3Ј and 5Ј GCTGTTCTTCTTTTGGA TCCTGAC 3Ј as the upstream and downstream primers, respectively. The amplification cycle (94°C, 1 min; 58°C, 1 min; 72°C, 1 min) was repeated 30 times. The PCR product was cloned into pTopo II as recommended by the vendor (Invitrogen) and subcloned into pGem1 for use as a probe. The Fc␥R1 sequence was confirmed. Specificity of hybridization was determined with pGem1 (Promega) as a probe. A human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe, clone 754537 (Research Genetics), was used as a positive control and as an internal standard. The results were quantified for each sample by subtracting the signal from pGem from all the other signals as a background correction and then normalizing the corrected signals to that of GAPDH.
response to IFN-␣ was actually limited or inhibited by the infection, since the initial response to IFN-␣/␤ can reduce the response to later exposure (24) . We first assayed the DNAbinding activity of STAT-1 homodimers as a measure of homodimer formation in THP-1 cells (Fig. 1A) . As expected, in the absence of IFN-␣ stimulation, activity was undetectable in THP-1 cells, regardless of whether they were uninfected or infected by M. tuberculosis and whether they were undifferentiated or differentiated (lanes 1, 2, 5, and 6). In the absence of infection, the cells were responsive to IFN-␣ stimulation (lanes 3 and 7). However, infection by M. tuberculosis inhibited the IFN-␣-stimulated appearance of STAT-1 homodimer DNAbinding activity in the undifferentiated and differentiated cells (lanes 4 and 8). Quantification of the results from six experiments demonstrated that the extent of inhibition was reproducibly greater after differentiation (Fig. 1B) . In THP-1 monocytes, the trend was the same in all of the experiments, although it was not statistically significant, and in THP-1 macrophages the difference was statistically significant. We confirmed that infection of PBM and PBM-derived macrophages from one donor and of alveolar macrophages from another resulted in similar or greater inhibition of IFN-␣-stimulated STAT-1 homodimer DNA-binding activity (Fig. 1C and D) . The same result was obtained with PBM-derived macrophages from two additional healthy volunteers (data not shown). Thus, the THP-1 cell line is a good model of what can happen in primary cells.
To determine if the inhibition of STAT-1 homodimer DNAbinding activity was related to pathogenicity, we used an EMSA to examine the effect of infection by a closely related, nonpathogenic mycobacterium, M. bovis BCG ( Fig. 2A) and quantified the results from four replicate experiments (Fig.  2B) . In contrast to M. tuberculosis, there was little or no effect on IFN-␣-stimulated formation of STAT-1 homodimers in THP-1 monocytes (compare lanes 3 and 4) or in THP-1 macrophages (compare lanes 7 and 8). Even at a higher MOI (3 or 10), M. bovis BCG did not inhibit the response to IFN-␣ in either THP-1 monocytes or THP-1 macrophages, and when THP-1 macrophages were infected by one species or the other in the same experiment, the difference between M. tuberculosis and M. bovis BCG was again observed (data not shown). IFN-␣ stimulation of STAT-1 DNA-binding activity also was not inhibited in PBM and PBM-derived macrophages infected by M. bovis BCG (Fig. 2C and D) . The difference between M. tuberculosis and M. bovis BCG suggests a pathogen-specific effect on IFN-␣-stimulated STAT-1 homodimer DNA-binding activity.
We next sought to determine if IFN-␣ stimulation of ISGF-3 DNA-binding activity would also be inhibited by M. tuberculosis infection (Fig. 3A) , since it includes tyrosine-phosphorylated STAT-1. We also determined whether IFN-␣ stimulation of ISGF-3 in primary cells was affected by M. tuberculosis, examining the same extracts as were tested for STAT-1 ( Fig. 3C and D) . At 3 days postinfection, ISGF-3 was detectable in PBM but not in PBM-derived macrophages and alveolar macrophages, while the opposite was true at 1 day postinfection (20) . Moreover, infection of PBM increased IFN-␣-stimulated formation of ISGF-3 by almost 50%, while infection of PBM-derived and alveolar macrophages inhibited it by more than 50 and 80%, respectively. IFN-␣-stimulated formation of ISGF-3 in PBMderived macrophages was inhibited as much or more by infection of cells from two additional donors (data not shown). Thus, what happens in THP-1 monocytes and THP-1 macrophages can happen in primary cells: with differentiation, there is a switch in the response of infected cells to exogenous IFN-␣ from augmented to inhibited formation of ISGF-3.
To determine whether the effects of M. tuberculosis on ISGF-3 might be related to pathogenicity, we again examined infection of THP-1 cells by M. bovis BCG. ISGF-3 DNAbinding activity was essentially undetectable by EMSA ( (Fig. 4B ). There was also no detectable ISGF-3 in PBM and PBM-derived macrophages infected by M. bovis BCG, and there was an increase in IFN-␣ stimulation of ISGF-3 in both groups ( Fig. 4C and D ). These data demonstrate that formation of ISGF-3 is a specific response to a pathogenic mycobacterium. Moreover, as seen with STAT-1, there are differences between pathogenic and nonpathogenic mycobacteria in their effects on the ability of cells to form ISGF-3, as revealed by stimulation with exogenous IFN-␣.
Effect of M. tuberculosis infection on the abundance and tyrosine phosphorylation of ISGF-3 subunits.
We examined the abundance of ISGF-3 subunits, STAT-1, STAT-2, and IRF-9, and tyrosine phosphorylation of the STAT proteins to determine whether the observed changes in DNA-binding activity after infection by M. tuberculosis might be due to altered protein levels, altered signaling, or both (Fig. 5) . Infection led to an increase in the abundance of STAT-1, STAT-2, and IRF-9 in both THP-1 monocytes (lane 3) and THP-1 macrophages (lane 7). The increases due to infection of THP-1 macrophages were beyond the increases that occurred due to differentiation alone (lane 5). There was more tyrosine phosphorylation of STAT-1 in response to IFN-␣ stimulation (lanes 2 and 6) than in response to infection, yet infection followed by IFN-␣ stimulation (lanes 4 and 8) resulted in less STAT-1 tyrosine phosphorylation than after stimulation alone. In THP-1 macrophages, STAT-2 tyrosine phosphorylation was . These changes in subunit abundance and tyrosine phosphorylation can account for the observed effects on STAT-1 homodimer and ISGF-3 DNAbinding activity. We determined whether the effects of infection by M. tuberculosis on ISGF-3 subunit abundance and tyrosine phosphorylation were specific, again by comparison to infection by M. bovis BCG (Fig. 6) . M. bovis BCG infection of THP-1 monocytes and macrophages (lanes 3 and 7) led to increased STAT-1 and IRF-9 protein abundance and slight STAT-1 tyrosine phosphorylation, although the increase in IRF-9 was minimal in THP-1 monocytes. However, there was little if any change in STAT-2 abundance and no detectable STAT-2 tyrosine phosphorylation. Moreover, infection by M. bovis BCG had no effect on IFN-␣ stimulation of STAT-1 and STAT-2 tyrosine phosphorylation (compare lanes 2 and 4, or 6 and 8). Thus, M. tuberculosis has specific effects on the subunits of ISGF-3, and the effects of M. bovis BCG on the subunits also are consistent with its effects on ISGF-3 and STAT-1 DNAbinding activity. STAT-1 and IRF-9 acting at an ISRE (27) , and STAT-1 homodimers formed in response to IFN-␣ can bind to a GAS element in the Fc␥R1 promoter (1). Quantification of the results for ISG15 (Fig. 7B ), IP-10 ( Fig.  7C) , and Fc␥R1 (Fig. 7D ) highlights the differences among these genes in the effect of infection alone on transcription and in the effect of infection on the transcriptional response to IFN-␣. Infection by M. tuberculosis activated transcription of ISG15 and IP-10, but not Fc␥R1, in both THP-1 monocytes and THP-1 macrophages. Transcription of ISG15 was consistent in both cell types with the formation of ISGF-3 in cells infected by M. tuberculosis. However, ISGF-3 and another transcription factor, IRF-3, together may account for the observation that transcription of ISG15 was greater in cells that were only infected than in cells that were only stimulated with IFN-␣. IRF-3 is also activated by M. tuberculosis infection (43) , and it can directly activate the ISG15 gene in response to viral infection (8, 59 ). Transcription of IP-10 may be attributable to activation of NF-B in cells infected by M. tuberculosis (29, 60) , since IP-10 transcription is regulated by NF-B in response to lipopolysaccharide stimulation (31), it is not regulated by ISGF-3 (33) , and the increase in IRF-9 due to infection is not accompanied by formation of STAT-1 homodimers. The lack of Fc␥R1 transcription was consistent with the absence of STAT-1 homodimers in cells infected by M. tuberculosis. Transcription of all three genes was activated by IFN-␣ stimulation in monocytes and macrophages, but the effect of infection on response to IFN-␣ distinguished ISG15 from IP-10 and Fc␥R1, the genes regulated by STAT-1 homodimers.
Effect of M. tuberculosis infection on IFN-␣-stimulated gene
IFN-␣ stimulation of infected THP-1 monocytes resulted in a transcription rate for ISG15 that was approximately twice the sum of the rates in cells that were only infected or stimulated (Fig. 7B) . In contrast, in THP-1 macrophages that were infected and then stimulated with IFN-␣, transcription was less than the sum of the rates in cells that were either infected or stimulated and only slightly greater than the rate due to infection alone. The fold increase in ISG15 transcription due to stimulation alone was greater in macrophages than in monocytes, although the induction in macrophages was less than might have been expected from the amount of ISGF-3 detected (Fig. 3) . Importantly, in THP-1 monocytes and THP-1 macrophages, transcription of ISG15 reflects the respective enhancing or limiting effect of infection on IFN-␣ stimulation of ISGF-3 DNA-binding activity shown in Fig. 3 .
IP-10 transcription in THP-1 monocytes infected by M. tuberculosis was slightly greater than in cells that were infected and stimulated with IFN-␣, which in turn was more induced than in cells that were only stimulated with IFN-␣ (Fig. 7C) , while Fc␥R1 transcription was greater in THP-1 monocytes that were only stimulated with IFN-␣ than in cells that were infected by M. tuberculosis and then stimulated with IFN-␣ (Fig. 7D) . In THP-1 macrophages, both genes were very responsive to IFN-␣ stimulation in uninfected cells, and infection essentially blocked IFN-␣ stimulation of their transcription. Thus, in THP-1 monocytes and THP-1 macrophages, infection by M. tuberculosis reduces or eliminates IFN-␣ stimulation of transcription for both genes, which correlates with the effect on STAT-1 DNA-binding activity.
We also examined the effects of infection by M. bovis BCG on transcription of ISG15, IP-10, and Fc␥R1 (Fig. 8) . Infection We examined monocytes or macrophages that were uninfected, infected by M. tuberculosis, or infected by M. bovis BCG, without or with further stimulation by IFN-␣, to determine a profile for several aspects of the IFN-␣/␤ system. The abundance of STAT-1, STAT-2, and IRF-9, the tyrosine phosphorylation of STAT-1 and STAT-2, the DNA-binding activity of STAT-1 homodimers and ISGF-3, and the transcription of genes regulated by these transcription factors constituted a distinct profile for each of these 12 experimental conditions. The correlations among the individual aspects within each experimental condition strongly suggest that each of the observed effects of infection on the IFN-␣/␤ system is responsible for the next one downstream.
Overall, the results of our prior study (60) and this report suggest a simple schematic model (Fig. 9) . In uninfected, unstimulated cells, whatever signaling occurs stochastically or even due to extremely low levels of autocrine IFN-␣/␤ is counterbalanced by stochastic negative regulation, and the net effect is an undetectable level of signaling. If cells are infected, secreted IFN-␣/␤ leads to some increase in signaling, which is low but detectable despite increased negative regulation. Stimulation alone leads to strong signaling. However, the increased negative regulation caused by infection becomes apparent as a limit in signal transduction when it is tested by further stimulation.
The specific negative regulation of IFN-␣/␤ signaling might occur through down-regulation of the cell surface IFN-␣/␤ receptor, but this is not the case (S. Prabhakar, D. Tse, and R. Pine, unpublished observations). It may involve protein tyrosine phosphatases, suppressor of cytokine signaling (SOCS) proteins, or both, through specific interaction with the IFN-␣/␤ receptor and/or TYK-2. The src-homology domain 2 containing protein tyrosine phosphatases PTP-1C and PTP-1D has been implicated in negative regulation of IFN-␣/␤ signaling (10, 11, 61) , although there is contradictory data about the role of PTP-1D (62) . More recently, the membrane tyrosine phosphatase CD45 has been implicated in negative regulation of macrophage response to IFN-␣/␤ (22) . Of these, a role for PTP-1C is perhaps most likely, since mycobacterial lipoarabinomannan can activate this phosphatase (23) . It has also been demonstrated that SOCS-1, SOCS-2, and SOCS-3 can inhibit the response to IFN-␣/␤, although the observation of inhibition by any particular SOCS protein may depend on the context in which it is examined (44, 45, 52, 53) . Interleukin-10 (IL-10) and IFN-␣/␤, among other cytokines secreted during infection, can induce SOCS expression (5, 52) . The inhibition of signal transduction by infection that we report here is partly a response to the IFN-␣/␤ secreted during infection (S. Prabhakar and R. Pine, unpublished observations), but we have not The influence of M. tuberculosis on signal transduction and on gene expression in response to IFN-␣/␤ could impinge on both the innate immune response and the transition from innate immunity to Th1-cell-mediated immunity. Formation of STAT-1 homodimers in response to IFN-␣/␤ plays a role in the innate immune response to bacterial infections and may play a role in the transition from innate to Th1-cell-mediated immunity (30, 32) . In humans, activation of STAT-2 also plays a role in development of Th1-cell-mediated immunity through the function of a STAT-2 domain that is absent from the mouse homologue (14) . Normal formation of STAT-1 homodimers is essential for human resistance to normally avirulent mycobacteria, as shown by the increased susceptibility of humans heterozygous for a STAT-1 mutation that reduces formation of STAT-1 homodimers by 75% in cells stimulated by IFN-␣ or IFN-␥ (13). Notably, this mutation reduces IFN-␣-stimulated formation of ISGF-3 by approximately 25%. Thus, inhibition by M. tuberculosis of STAT-1 homodimer formation and STAT-2 tyrosine phosphorylation in response to IFN-␣/␤ might adversely affect host defense against this pathogen.
Reports suggesting that, in mice, induction of IFN-␣/␤ by M. tuberculosis infection may be pathogenic (28) and that the ability to respond to endogenous IFN-␣/␤ is required for normal host defense (7) may be reconciled by our observations on the response of infected cells to IFN-␣. It was found that more-pathogenic strains of M. tuberculosis induce more IFN-␣/␤ mRNA than less-pathogenic strains and that intranasal administration of IFN-␣/␤ to infected mice increases bacterial burden and decreases median survival time compared to infection alone (28) . The extent to which any of the strains examined inhibit response to IFN-␣/␤ is not known. As judged by the effects of infection by M. tuberculosis and M. bovis BCG on activation of ISGF-3 in THP-1 cells, the data presented here also suggest that virulent mycobacteria cause more production of IFN-␣/␤ than avirulent mycobacteria. Cells infected by M. tuberculosis at an MOI of 1 contained ISGF-3, as did cells infected by M. bovis BCG at an MOI of 10 (data not shown) but not at an MOI of 1. In another study, a statistically significant increase in bacterial burden was observed during the first 40 days postinfection in the lungs of mice having a null mutation in the IFN-␣/␤ receptor (7), suggesting that IFN-␣/␤ produced during infection can play a defensive role. A protective response to endogenous IFN-␣/␤ induced by infection might occur even though infection inhibits and thereby is likely to limit the response. Overall, differences between more-and less-pathogenic mycobacteria in their effect on response to IFN-␣/␤ may be at least as significant as differences in their induction of IFN-␣/␤.
